30 Membrane traffic maintains the organization of the eukaryotic cell and delivers cargo proteins to their 31 subcellular destinations such as sites of action or degradation. Membrane vesicle formation requires ARF 32 GTPase activation by the SEC7 domain of ARF guanine-nucleotide exchange factors (ARF-GEFs), 33 resulting in the recruitment of coat proteins by GTP-bound ARFs. In vitro exchange assays were done with 34 monomeric proteins, although ARF-GEFs have been shown to form dimers in vivo. This feature is conserved 35 across the eukaryotes, however its biological significance is unknown. Here we demonstrate ARF1 36 dimerization in vivo and we show that ARF-GEF dimers mediate ARF1 dimer formation. Mutational 37 disruption of ARF1 dimers interfered with ARF1-dependent trafficking but not coat protein recruitment in 38 Arabidopsis. Mutations disrupting simultaneous binding of two ARF1•GDPs by the two SEC7 domains of 39 GNOM ARF-GEF dimer prevented stable interaction of ARF1 with ARF-GEF and thus, efficient ARF1 40 activation. Our results suggest a model of activation-dependent dimerization of membrane-inserted 41 ARF1•GTP molecules required for coated membrane vesicle formation. Considering the evolutionary 42 conservation of ARFs and ARF-GEFs, this initial regulatory step of membrane trafficking might well occur 43 in eukaryotes in general. 44 45 Keywords
Introduction Figure 1. In-vivo interaction between ARF1•GTP molecules revealed by coimmunoprecipitation and FRET-FLIM analysis.
(A) Estradiol-inducible (20µM 7h) expression of ARF1-YFP, activation-deficient ARF1-T 31 N-YFP and hydrolysis-deficient ARF1-Q 71 L-YFP, immunoprecipitation with anti-GFP beads from transgenic Arabidopsis seedling extracts, and immunoblotting of PAGE-separated precipitates with anti-SEC7(GNOM) and anti-ARF1 antisera. Antisera indicated on the right. T, total extract; IP, immunoprecipitate; M, molecular markers (sizes in kDa indicated on the left). Asterisk, ARF1-YFP fusion proteins; arrow, endogenous ARF1 (both detected with anti-ARF1 antiserum); SEC7, antiserum detecting SEC7 domain of GNOM. (B) FRET-FLIM analysis of ARF1-ARF1 interaction in Arabidopsis seedling root cells after estradiol induction (20µM 4h). The life time of hydrolysis-deficient ARF1-Q 71 L-YFP (QL-YFP) was reduced whereas ARF1-Q 71 L-YFP bearing dimerization-disrupting Y 35 A mutation (QL-YA-GFP) showed normal FRET-FLIM ratios. For comparison, the life time of ARF1-YFP was slightly reduced. Box plots of donor life time in ns of at least 19 independent measurements for each sample (exact numbers are indicated by n). Medians are represented by the center lines and notches indicate 95% confidence interval. Tukey whiskers extend to the 1.5xIQR and data points are plotted as bee swarm. Exemplary p values (two tailed t-test assuming equal variances, alpha=0.05) are indicated in the graph.
To examine the biological significance of ARF1 dimers, we analyzed the ability of ARF1-Y 35 A to rescue 86 the secretion of alpha-amylase from tobacco protoplasts inhibited by ARF1-T 31 N expression ( Figure 2A (A, B) Secretion of alpha-amylase from tobacco protoplasts (A) inhibited by ARF1-T 31 N (TN) was restored by overexpression of ARF1 (WT) but not ARF1-Y 35 A (Y35A) and (B) impaired by ARF1-Y 35 A (Y35A) compared to wild-type control. Bottom panels: Antibody detection of GFP linked to ARF1 expression. (C, D) Electron microscopic analysis of epidermal cells at the upper end of the seedling root meristem expressing ARF1-YFP (C) or ARF1-Y 35 A-YFP (D) in response to 10 µM estradiol for 4 h. Golgi stacks (arrowheads) were bent in (C) but replaced by clusters of interconnected membrane vesicles (asterisk) and Golgi remnants (arrows) in (D) . Scale bars, 500 nm. (E) Immunostaining of COPI subunit gCOP in seedling root cells expressing ARF1-YFP, ARF1-Y 35 A-YFP or ARF1-Y 35 A,Q 71 L-YFP in response to 20 µM estradiol for 4h. ARF1 variant (green), gCOP (magenta), merged images with DAPI-stained nuclei (blue). Co-localization of ARF1 and gCOP in regions of interest (ROI; yellow lines) shown in line intensity profiles. Scale bar, 5 µm.
Rising concentrations of co-expressed wild-type form of ARF1 overcame the inhibition by ARF1-T 31 N. In 89 contrast, co-expression of comparable concentrations of ARF1-Y 35 A largely failed to restore alpha-amylase 90 secretion ( Figure 2A ). In addition, strong expression of ARF1-Y 35 A interfered with alpha-amylase secretion 91 on its own ( Figure 2B ). Thus, ARF1 dimerization is required for ARF1-dependent membrane trafficking.
92
We also analyzed the consequences of ARF1-Y 35 A overexpression in seedling root cells at the 93 ultrastructural level ( Figure 2C and 2D ). ARF1-Y 35 A disrupted Golgi organization, resulting in strings of 94 interconnected membrane vesicles, whereas overexpression of ARF1 wild-type protein only caused slight 95 bending of the Golgi stacks. However, overexpression of ARF1-Y 35 A did not interfere with membrane 96 recruitment of COPI subunit gCOP ( Figure 2E ). Thus, ARF1 dimerization is essential for membrane 97 trafficking.
99
Regulation of ARF1 dimer formation 100 How could ARF1 dimer formation be regulated? One candidate is the activating ARF-GEF which itself 101 forms dimers (Ramaen et al., 2007; Anders et al., 2008) . ARF1•GDP binding by ARF-GEF involves the C-102 terminal loop after helix J (loop>J) of the SEC7 domain of human GBF1, as demonstrated by specific 103 mutations that interfere with ARF1 binding (Lowery et al., 2011) . We introduced homologous mutations 104 into Arabidopsis GNOM to generate GN-loop>J(3A) mutant protein ( Figure 3A 
760bp AT1G14020 S.R. 263 N.A. 211 N.A. 210 N.A. 213 N.A. 212 (A) Alanine substitution sites (red boxes) in the loop after helix J (loop>J) of SEC7 domain of ARF-GEFs human GBF1 (Lowery et al., 2011 ), human BIG2 (Lowery et al., 2011 and Arabidopsis GNOM. In GN-loop>J(3A) mutant protein, amino acid residues 744 to 747 (EIRT) are replaced by AARA. (B) Diagram of 50 kb genomic segment of chromosome 1 displaying GNOM and adjacent genes (arrows pointing towards 3´ end). The GNOM gene is highlighted in blue. The straddling 37 kb deletion (named gnom-sgt) encompassing GNOM and 8 flanking genes is indicated by a red line (Kumaran et al., 1999) . End points of deletion are indicated by basepair (bp) numbers of respective genes. (C, D) Primer combinations for genotyping seedlings to detect (C) the gnom-sgt deletion or (D) the endogenous GNOM gene and a GNOM transgene encoding a C-terminally tagged protein.
(E) Wild-type seedlings (Col), gnom-sgt deletion seedlings (sgt) and partially rescued gnom-sgt deletion seedlings bearing a GN-loop>J(3A)-Myc transgene; seedlings homozygous for the weak gnom-R5 allele are shown for comparison. Partial rescue of exchange-deficient gnom seedlings (emb30) or membraneassocation-deficient gnom seedlings (B4049). Scale bars, 2.5 mm. (F, G) GNOM protein expression levels of wild-type (Col), gnom mutant allele R5, gnom-sgt deletion (sgt), and GNOM transgenes GNOM-myc (GN-Myc) and GN-loop>J(3A) (J(3A)-Myc)) detected by anti-SEC7 domain antiserum. Loading control: unstripped membrane re-probed with anti-SYP132 antiserum. (F) Immunoblot; M, marker lane; protein sizes in kDa on the right. Arrow, GNOM band at 165 kDa; asterisk, truncated GNOM protein of gnom-R5 at 155 kDa. (G) Normalized expression levels; GNOM from GN-myc set at 1. Col, wild-type level of GNOM protein.
Note that gnom-sgt deletion zygotes complete embryogenesis and give rise to highly abnormal seedlings because the retrograde COPI traffic from Golgi to ER is jointly mediated by GNOM and the paralogous ARF-GEF GNL1 whereas the GNOM-mediated polar recycling of auxin efflux carrier PIN1 from endosomes to the basal plasma membrane cannot be mediated by GNL1 (Richter et al., 2007) . Note also that the mutations emb30 and B4049 both reside in the SEC7 domain of GNOM. Allele emb30 codes for a catalytically inactive E 658 K mutant protein, resulting in grossly abnormal seedlings (Meinke, 1985; Mayer et al. 1993; Shevell et al., 1994) . B4049 codes for a G 579 R mutant protein that is still catalytically active but fails to associate with endomembranes because the DCB-DDCB interaction is compromised, which also results in grossly abnormal seedlings (Anders et al., 2008b; Busch et al., 1996) .
The mutant protein displayed some residual activity, very incompletely rescuing the gnom-sgt deletion 108 which spans GNOM and 4 adjacent genes on either side ( Figure 3B and 3E). Interestingly, GN-loop>J(3A) 109 mutant protein was not able to completely rescue gnom mutant alleles emb30 and B4049, whereas the latter 110 two complemented each other ( Figure 3E ; Busch et al., 1996; Anders et al., 2008) . The rescued seedlings 111 rather resembled phenotypically seedlings bearing the weak allele gnomR5 (Geldner et al., 2004) . Whereas 112 gnomR5 encodes C-terminally truncated GNOM protein that accumulated to reduced level compared to 113 wild-type, GN>loop>J(3A) accumulated to higher level than wild-type, suggesting a primary defect in 114 protein function rather than protein or RNA stability ( Figure 3F Holwerda et al., 1990) ; M, molecular markers (sizes in kDa, left). (F) Quantitation of anti-Myc signal intensities; total extracts set at 1. T, total extract; S10 and P10, supernatant and pellet of 10,000 g centrifugation; S100 and P100*, supernatant and washed pellet of 100,000 g centrifugation. is highly likely that cooperative ARF1 binding by ARF-GEF dimers as a mechanism of forming active 178 ARF1 GTPase dimers on the donor membrane applies to eukaryotes in general. 
252
Physiological tests. For primary root growth assays, 50 five-days old seedlings were transferred to agar 253 plates containing 10 µM BFA for 24h and seedling growth was analyzed using ImageJ software. Gravitropic 254 response of 50 five-days old seedlings was measured by ImageJ software after transferring seedlings to 10 255 µM BFA plates and rotating them by 135° for 24h. Lateral root primordia formation was analyzed after transferring 7-day old seedlings for 3 days on 20 µM NAA-containing agar plates and clearing the roots 257 (Geldner et al., 2004) . To examine the vasculature of 7 to 10-days old cotyledons, seedlings were shaken 258 for several hours in 3:1 ethanol/acetic acid solution at room temperature (Geldner et al., 2004) . Light 259 microscopy images were taken with Zeiss Axiophot microscope, Axiocam and AxioVision_4 Software.
260
Image size, brightness and contrast were edited with Adobe Photoshop CS 3 Software.
261
Yeast two-hybrid interaction assays. Assay and constructs of GNOM-DCB (aa 1-246), GNOM-DDCB 262 (aa 232-1451) and GNOM-DDCB(B4049) (aa 232-1451; G579R) were as described (Grebe et al., 2000;  263 Anders et al., 2008b) . GNOM-DDCB(J(3A)) was generated by site-directed mutagenesis using primers 264 mentioned above.
265
Quantitative transport assays. Protoplasts were prepared and electrotransfected as previously described inhibitors (cOmplete EDTA-free®, Roche). Of cell lysates, 100 µl were taken as total fraction (T). Then 305 cell lysates were cleared by centrifugation at 10,000 x g for 10 min at 4°C and 100 µl of supernatant (S10) 306 were saved for further analysis. The pellet was dissolved in 1 ml extraction buffer and 100 µl were frozen 22 (P10). After 1x 100.000 x g centrifugation at 4°C for 1h, 100 µl supernatant (S100) were stored and the 308 pellet was dissolved in 200 µl extraction buffer of which 100 µl were stored (P100*). 25µl of 5x Lämmli 309 buffer were added to 100 µl samples. 
